Brain-derived neurotrophic factor (BDNF) has been implicated in regulating adult neurogenesis in the subgranular zone (SGZ) of the dentate gyrus; however, the mechanism underlying this regulation remains unclear. In this study, we found that Bdnf mRNA localized to distal dendrites of dentate gyrus granule cells isolated from wild-type (WT) mice, but not from Bdnf klox/klox mice where the long 3Ј untranslated region (UTR) of Bdnf mRNA is truncated. KCl-induced membrane depolarization stimulated release of dendritic BDNF translated from long 3Ј UTR Bdnf mRNA in cultured hippocampal neurons, but not from short 3Ј UTR Bdnf mRNA. Bdnf klox/klox mice exhibited reduced expression of glutamic acid decarboxylase 65 (a GABA synthase), increased proliferation of progenitor cells, and impaired differentiation and maturation of newborn neurons in the SGZ. These deficits in adult neurogenesis were rescued with administration of phenobarbital, an enhancer of GABA A receptor activity. Furthermore, we observed similar neurogenesis deficits in mice where the receptor for BDNF, TrkB, was selectively abolished in parvalbumin (PV)-expressing GABAergic interneurons. Thus, our data suggest that locally synthesized BDNF in dendrites of granule cells promotes differentiation and maturation of progenitor cells in the SGZ by enhancing GABA release, at least in part, from PV-expressing GABAergic interneurons.
Introduction
Adult hippocampal neurogenesis generates new neurons in the subgranular zone (SGZ) of the dentate gyrus throughout life and plays a key role in spatial discrimination (Dupret et al., 2008; Zhang et al., 2008) . Hippocampal network activity and experience regulate adult neurogenesis at multiple stages from progenitor cell proliferation to maturation, survival, and synaptic integration of new neurons (Zhao et al., 2008; Ming and Song, 2011) . Increasing evidence supports the notion that the neurotransmitter GABA is a key player in this process. GABAergic stimulation decreases the rate of proliferation (Tozuka et al., 2005; Chan et al., 2008) . It has been shown that this effect is directly mediated through GABA A receptors on progenitor cells, and is due to GABA's excitatory action on neuronal differentiation and maturation (Tozuka et al., 2005; Ge et al., 2006) .
Brain-derived neurotrophic factor (BDNF) is a potent modulator of neuronal development and synaptic transmission (Huang and Reichardt, 2001; Waterhouse and Xu, 2009) . It promotes maturation of GABAergic inhibitory networks (Huang et al., 1999; Hong et al., 2008) . Furthermore, hippocampal network activity stimulates transcription of the Bdnf gene and translation of Bdnf mRNA (Patterson et al., 1992; Lau et al., 2010) . These observations suggest that BDNF may serve as a link between neuronal activity and GABA-mediated effects on adult neurogenesis. In agreement with this view, considerable evidence links BDNF and adult neurogenesis (Lee et al., 2002b; Sairanen et al., 2005; Scharfman et al., 2005; Bergami et al., 2008; Chan et al., 2008; Li et al., 2008) ; however, these studies have reported conflicting results. While exogenous BDNF injected into the murine hippocampus was reported to increase proliferation (Scharfman et al., 2005) , conditional knock-out mice lacking BDNF in mature neurons displayed increased proliferation as well (Chan et al., 2008) . Reports of neurogenesis in Bdnf heterozygous mice have also been inconclusive, with some groups reporting increased proliferation (Sairanen et al., 2005) and others reporting decreased proliferation (Lee et al., 2002a) .
One explanation for the discrepant findings concerning the role of BDNF in adult neurogenesis might lie in the complex regulation of BDNF expression. BDNF can be translated from two populations of mRNA species: with either a short or long 3Ј untranslated region (3Ј UTR) (Timmusk et al., 1993; Ghosh et al., 1994) . Short 3Ј UTR Bdnf mRNA is restricted to the soma, whereas long 3Ј UTR Bdnf mRNA is also targeted to dendrites for local translation . The present studies investigated the relationship between dendritically synthesized BDNF and GABA with regard to their roles in adult neurogenesis. Our results suggest that BDNF translated from long 3Ј UTR Bdnf mRNA in dendrites promotes maturation of adult-born neurons through parvalbumin (PV)-expressing GABAergic interneurons in the dentate gyrus.
Materials and Methods

Animals. Bdnf
klox/ϩ , Bdnf LacZ/ϩ , and TrkB LacZ/ϩ mice were previously described (Xu et al., 2000a; An et al., 2008; Baydyuk et al., 2011) and maintained on the C57BL/6 background. Bdnf klox/klox mice and WT littermates were obtained from intercrosses of Bdnf klox/ϩ mice. Bdnf ϩ/Ϫ mice were obtained from the The Jackson Laboratory and maintained on the C57BL/6 background. Mice of either sex were used in this study. All procedures described were approved by the Institutional Animal Care and Use Committee at Georgetown University and were in compliance with the National Institutes of Health (NIH) guide for the care and use of laboratory animals. All animals were given free access to food and water and housed in a 12 h light/dark cycle. Hippocampal neuronal culture. Mouse hippocampi were dissected from newborn pups, and the isolated brain tissues were digested with papain at 37°C for 1 h according to the manufacturer's instruction (Worthington Biochemical). Dissociated cells were plated onto 15 mm diameter coverslips coated with poly-D-lysine (37.5 g/ml) and laminin (2.5 g/ml). The cells were cultured first in the Neurobasal medium supplemented with 10% fetal bovine serum for 3 h and then in the Neurobasal medium containing 2% B27 supplement, 500 M glutamine, and 12.5 M glutamate. At 2 d in vitro (DIV), Ara-C was added to the medium to reach a final concentration of 1 M. Rat hippocampal neurons were isolated from E18.5 Sprague Dawley embryos and were cultured at a density of 1.8 ϫ 10 5 cells/well in 12-well plates, according to previously described procedures (Sala et al., 2000; An et al., 2008) .
BDNF-expressing constructs. To generate BDNF-expressing constructs, we sequentially cloned the cytomegalovirus promoter, the mouse Bdnf coding region that had a sequence insert encoding the Flag epitope (DYKDDDDK), immediately after the sequence encoding the signal peptide and was extended at its 3Ј end with a sequence encoding the Myc tag (EQKLISEEDL), and the mouse genomic sequence for the short Bdnf 3Ј UTR (A) or the long Bdnf 3Ј UTR (A*B) into pBluescript II KS (Ϫ) (Stratagene), thus generating pBDNF-A and pBDNF-A*B, respectively. We added one amino acid (Ala) between the Bdnf coding region and the Myc tag and two amino acids (AsnSer) to the C terminus of the Myc tag. In pBDNF-A*B, the first polyadenylation site was mutated from the sequence AATAAA to TTTTTT, and thus it only produces long 3Ј UTR Bdnf mRNA.
In situ hybridization. Fluorescent in situ hybridization (FISH) and subsequent immunocytochemistry of cultured hippocampal neurons were performed as described previously . We used rabbit polyclonal antibodies against Prox1 (1:1000 dilution; Millipore) to mark dentate gyrus granule cells. Radioactive in situ hybridization was performed as described previously (Xu et al., 2003) . In brief, mouse brains were dissected and frozen immediately in an isopentane-dry ice bath. Brains were sectioned at 10 m using a cryostat, and in situ hybridization was performed on sections using a 35 S-labeled antisense riboprobe derived from cDNA encoding BDNF. After hybridization and washes, sections were exposed to Kodak BioMax MR Hyperfilm. For each mouse, images from eight sections were scanned at 1200 dpi, and the optical density of in situ signal in the granule cell layer of the dentate gyrus was determined using NIH ImageJ software.
BDNF ELISA. Hippocampi were dissected from Bdnf klox/klox , Bdnf ϩ/Ϫ , and WT mice at ϳ6 weeks of age, weighed, and homogenized in an ice-cold lysis buffer consisting of 100 mM Tris-HCl, 2% bovine serum albumin (BSA), 1 M NaCl, 4 mM EDTA, 2% Triton X-100, and protease inhibitors, pH 7). The lysates were kept on ice for 30 min and centrifuged at 12,500 rpm at 4°C for 20 min. Supernatants were recovered as hippocampal protein extract. The amount of BDNF in hippocampal protein extract was measured using the BDNF ELISA kit from Millipore.
Treatments. 5-Bromo-2Ј-deoxyuridine (BrdU) was administered intraperitoneally (50 mg/kg) three times, once every 2 h, into mice either at 4 weeks of age (the activation study; Fig. 7 ), or at 6 weeks of age (the proliferation, differentiation, and maturation studies; see [8] [9] [10] . Phenobarbital was administered intraperitoneally (80 mg/kg) once a day for 3 d before BrdU administration. Kainate was administered intraperitoneally (35 mg/kg) to 8-week-old animals to induce seizures, 4 weeks after BrdU administration, and 2 h before being killed. All animals achieved at least grade 4 seizures in which rearing was observed (Racine et al., 1972) .
Immunohistochemistry and Nissl stains. Mice were anesthetized with avertin and transcardially perfused with PBS and 4% paraformaldehyde (PFA) sequentially. Brains were removed from the skull, postfixed in 4% PFA overnight, and soaked in 30% sucrose. Coronal brain sections (50 m) were obtained from the whole rostrocaudal extent of the hippocampus using a sliding microtome. For nonfluorescent staining, sections were incubated with 10% methanol-3% hydrogen peroxide in Trisbuffered saline (TBS) to quench endogenous peroxidases. HCl antigen retrieval was used for BrdU and Ki-67 immunostaining (2N HCl at 37°C for 1 h before blocking). After incubation with blocking buffer (0.4% Triton X-100, 2.5% BSA, and 10% horse serum in TBS) for 1 h, the sections were incubated with primary antibody diluted in blocking buffer overnight at room temperature. The following primary antibodies were used: rat anti-BrdU (1:500; Accurate Chemical), rabbit anti-Ki-67 (1: 100; Thermo-Scientific Fisher), mouse anti-NeuN (1:500; Millipore Bioscience Research Reagents), goat anti-NeuroD (1:500; Santa Cruz Biotechnology), mouse anti-Sox2 (1:250; Millipore), chicken anti-Tbr2 (1:100; Millipore), rabbit anti-cleaved caspase-3 (1:200; Cell Signaling Technology), goat anti-DCX (1:250; Santa Cruz Biotechnology), mouse anti-calretinin (1:1000; Millipore), mouse anti-calbindin (1:400; Sigma), rabbit anti-glial fibrillary acidic protein (GFAP) (1:400; Sigma), mouse anti-Arc (1:50; Santa Cruz Biotechnology), rabbit anti-Zif268 (1:1000; Santa Cruz Biotechnology), mouse anti-glutamic acid decarboxylase 65 (GAD65) (1:400; Boehringer Mannheim), guinea pig anti-presynaptic vesicular glutamate transporter 1(VGLUT1) (1:1000; Millipore), mouse anti-PV (1:2000; Sigma), rabbit anti-somatostatin (SOM) (1:1000; Immunostar), rabbit anti-neuropeptide Y (NPY) (1:2000; Sigma), and rabbit anti-␤-galactosidase (1:2000; Cappel). After three washes in TBS, the sections were incubated with the appropriate secondary antibody in blocking buffer. For colocalization studies, the appropriate fluorescent secondary antibodies were used, followed by three washes, after which sections were mounted using gelvatol fluorescence mounting media. For nonfluorescent staining, the appropriate biotinylated secondary antibody, followed by the avidin-biotin-peroxidase complex (Vector Laboratories) was used according to the manufacturer's protocol. Sections were developed in 0.05% 3-3Ј-diaminobenzidine tetrahydrochloride (DAB) and 0.003% hydrogen peroxide in 0.1 M Tris-HCl, pH 7.5, mounted onto slides, dehydrated, and coverslipped with DPX. Nissl staining was performed by submerging mounted sections in cresyl violet for 20 min before dehydration.
Quantitative analysis. Stereological counts of DAB-labeled cells were performed using Stereo Investigator software (MicroBrightField). Twelve series of brain sections were taken, and all sections from one well containing the whole rostrocaudal extent of the dentate gyrus were analyzed. The granule cell layer was outlined using a 20ϫ objective and all stained cells within the outlined area were counted using a 60ϫ objective to calculate cell density. Total dentate gyrus volume was extrapolated from these data. Pictures for colocalization quantification were acquired using a confocal microscope with a 40ϫ oilimmersion lens. GAD65 and VGLUT1 staining intensities in the SGZ were measured using NIH ImageJ software. A box was drawn around the first two cell layers of the granule cell layer adjacent to the hilus and staining intensity was quantified.
Statistical analysis. All data are expressed as mean Ϯ SEM. Data were analyzed using an unpaired Student's t test.
Results
The long Bdnf 3 UTR is required for dendritic localization of Bdnf mRNA in dentate gyrus granule cells It has been shown that Bdnf mRNA localizes to the molecular layer of the dentate gyrus (Lau et al., 2010) and that the long 3Ј UTR is necessary for localization of Bdnf mRNA to the dendrites of cortical and hippocampal pyramidal neurons . In this study we used Bdnf klox/klox mice to determine whether the long 3Ј UTR is also required for dendritic localization of Bdnf mRNA in dentate gyrus granule cells. In Bdnf klox/klox mice, the vast majority of the long Bdnf 3Ј UTR sequence is removed due to an insertion of SV40 polyadenylation signals in the Bdnf locus . We cultured neurons isolated from hippocampi of newborn WT and Bdnf klox/klox mice. Seven days later, we performed FISH using riboprobes derived from the Bdnf coding region and immunocytochemistry with an antibody against transcription factor Prox1 to mark granule cells in these cultures (Fig. 1 A) . Quantification of in situ hybridization signal showed that Bdnf mRNA localized to dendrites of WT granule cells and that this dendritic localization was significantly diminished in Bdnf klox/klox granule cells ( Fig. 1 A, B) , indicating that the long Bdnf 3Ј UTR is required for dendritic localization of Bdnf mRNA in dentate gyrus granule cells.
Neuronal activity stimulates release of dendritic BDNF derived from long 3 UTR Bdnf mRNA We generated two BDNF-expressing constructs, pBDNF-A and pBDNF-A*B, where a BDNF-coding sequence was linked to the genomic sequence for either the short (A) or long (A*B) mouse Bdnf 3Ј UTR (Fig. 2 A) . The encoded BDNF contains a Myc tag at its C terminus, so that the Myc tag marks both mature BDNF and proBDNF. To test whether activity stimulates release of dendritically synthesized BDNF, we transfected hippocampal neurons with either pBDNF-A (expressing short 3Ј UTR Bdnf mRNA) or pBDNF-A*B (expressing long 3Ј UTR Bdnf mRNA) at 7 DIV and applied 50 mM KCl or vehicle to cultures at 10 DIV for 30 min at 37°C. Myc immunocytochemistry revealed that, in the absence of KCl, BDNF levels were lower in cell bodies and higher in dendrites in neurons expressing long 3Ј UTR Bdnf mRNA than in neurons expressing short 3Ј UTR Bdnf mRNA ( Fig. 2 B, C) , indicating that a portion of long 3Ј UTR Bdnf mRNA molecules are transported to dendrites and translated there. Following KCl treatment, BDNF levels in neurons overexpressing long 3Ј UTR Bdnf mRNA were significantly reduced in dendrites, but not in somata, compared with unstimulated neurons (Fig. 2 B, C) . No changes in BDNF levels were observed following KCl treatment in either dendrites or somata of neurons overexpressing short 3Ј UTR Bdnf mRNA ( Fig. 2 B, C) . These results suggest that neuronal activity stimulates release of dendritic BDNF translated from long 3Ј UTR Bdnf mRNA.
Long 3 UTR Bdnf mRNA regulates adult neurogenesis
To determine whether adult neurogenesis is altered in Bdnf klox/ klox mice that lack long 3Ј UTR Bdnf mRNA, we first assessed proliferation in these animals by measuring the number of cells that incorporate the DNA synthesis marker BrdU. Mice were injected with BrdU intraperitoneally at 6 weeks of age and killed at varying time intervals postinjection: 1 h, 24 h, 3 d, 1 week, 3 weeks, 6 weeks, or 12 weeks. We were surprised to find that 24 h following BrdU administration Bdnf klox/klox mice had a 1.7-fold increase in the density of BrdU-labeled cells in the dentate gyrus compared with WT controls (Fig. 3 A, B ). In addition, Bdnf klox/klox mice had a modest but significant increase in the density of BrdU-labeled cells at the 1 h time point compared with WT controls (Fig. 3B ). As we found no significant difference in the volume of the dentate gyrus between WT and Bdnf klox/klox mice ( Fig. 3C ), the density increase indicates that proliferation of SGZ precursors is enhanced in the absence of long 3Ј UTR Bdnf mRNA. However, Bdnf klox/klox mice showed no significant differences in the number of BrdU-labeled cells at all other time points analyzed, from 3 d to 12 weeks (Fig. 3B ). These results suggest that over the course of 24 h Bdnf klox/klox mice were accumulating more BrdU-labeled cells compared with WT mice, and that the extra newly labeled BrdU-positive cells that were present at 24 h had died off by 1 week postlabeling. In addition, we found no significant difference in granule cell layer volume between WT and Bdnf klox/klox mice ( Fig. 3D,E) , indicating that the increase of newborn cells at early time points was temporary and ultimately did not result in altered dentate gyrus morphology.
To test if the SGZ proliferative population was expanded in Bdnf klox/klox mice, we counted the number of cells positive for Ki-67, an endogenous marker for actively cycling cells, and found that Bdnf klox/klox mice had a trend toward an increased proliferative population compared with WT controls; however, this value was not significant (Fig. 3 F, G) . We then investigated whether our finding of a transient increase in BrdU-labeled cells might result from reduced Bdnf expression in the dentate gyrus of Bdnf klox/klox mice. To explore this possibility, we conducted radioactive in situ hybridization on brain sections from WT and Bdnf klox/klox mice using a probe against the Bdnf coding region. This experiment revealed a modest but significant decrease in levels of dentate gyrus Bdnf mRNA in Bdnf klox/klox mice ( Fig. 3 H, I ). This result is largely in agreement with the previous observation that Bdnf mRNA levels are normal in the Bdnf klox/klox hippocampus, as revealed by Northern hybridization . Because it is difficult to dissect the dentate gyrus, we measured the concentration of BDNF in whole hippocampal lysates using ELISA, which revealed that Bdnf klox/klox mice had a 48% reduction of total hippocampal BDNF compared with WT mice (Fig. 3J ) . These observations indicate that Bdnf klox/klox mice exhibit reduced total BDNF levels.
Bdnf klox/klox mice lack dendritic Bdnf mRNA because the long Bdnf 3Ј UTR is truncated (Fig. 1) . To determine whether the neurogenesis deficit observed in Bdnf klox/klox mice is due to a lack of dendritic Bdnf mRNA or a general reduction in BDNF protein levels, we conducted a BrdU-labeling study of Bdnf heterozygous mice (Bdnf ϩ/Ϫ ), which carry only one copy of the functional Bdnf allele. ELISA assays revealed a 36% reduction in hippocampal BDNF levels in Bdnf ϩ/Ϫ mice (100 Ϯ 10% for WT vs 64 Ϯ 4% for Bdnf ϩ/Ϫ , p Ͻ 0.01, n ϭ 6 mice per genotype). Unlike Bdnf klox/klox mice, Bdnf ϩ/Ϫ mice still have long 3Ј UTR Bdnf mRNA, and therefore retain pools of dendritic Bdnf mRNA. We found that 24 h after BrdU administration, Bdnf ϩ/Ϫ mice did not show significant increases in BrdU-labeled cells compared with WT mice, but Bdnf klox/klox mice did (Fig. 3K ) . Collectively, these observations suggest that the lack of dendritic Bdnf mRNA resulted in the drastic increase in BrdU-labeled cells in the first 24 h after BrdU administration in Bdnf klox/klox mice. However, our results do not exclude the possibility that the additional decrease in total BDNF levels from 36% in Bdnf ϩ/Ϫ mice to 48% in Bdnf klox/klox mice may also contribute to the increased BrdU labeling.
Long 3 UTR Bdnf mRNA promotes neuronal differentiation Our finding that Bdnf klox/klox mice had a temporarily expanded pool of BrdU-labeled cells, which increased in magnitude from 1 to 24 h post-BrdU administration, suggests that long 3Ј UTR Bdnf mRNA promotes differentiation of progenitor cells. We reasoned that if proliferative cells were not receiving proper neuronal differentiation signals, they would stay in the cell cycle longer and the BrdU-labeled population would expand. To determine whether Bdnf klox/klox mice have differentiation deficits, we first evaluated cell-cycle exit of BrdU-labeled cells 3 d post-BrdU labeling in the dentate gyrus. Cells that remained in the cell cycle following that period would still express ϩ BrdU ϩ ); however, cells that had exited the cell cycle would retain their BrdU labeling, but lose Ki-67 expression (BrdU ϩ ). We found that Bdnf klox/klox mice did have impaired cell-cycle exit, such that a significantly higher percentage of cells that were BrdU positive also stained for Ki-67 in Bdnf klox/klox mice compared with WT controls (Fig. 4 A, B) .
To further investigate neuronal differentiation deficits in Bdnf klox/klox mice, we used a neuronal differentiation index. Three days after BrdU administration we colocalized BrdU and the neuronal marker NeuN in the dentate gyrus. If cells differentiated out of the cell cycle and into the neuronal phenotype, they would costain for both NeuN and BrdU (NeuN ϩ BrdU ϩ ); however, if cells had not attained the neuronal phenotype, they would only contain BrdU (BrdU ϩ ). We found that Bdnf klox/klox mice had a significantly lower percentage of BrdU-positive cells that also stained for NeuN (Fig. 4C,D) , indicating that Bdnf klox/klox mice display deficits in neuronal differentiation. Collectively, these data argue that long 3Ј UTR Bdnf mRNA promotes progenitor cell differentiation out of the cell cycle and into the neuronal phenotype. (Ming and Song, 2011) . To determine at what progenitor stage the deficit in differentiation occurs in Bdnf klox/klox mice, we evaluated colocalization of BrdU with Sox2, Tbr2, and DCX 24 h postBrdU labeling (Fig. 5A-C) . We expected to see an increase in colocalization in the progenitor population that was receiving decreased differentiation signaling, because they were accumulating instead of differentiating. We found that Bdnf klox/klox mice had a normal percentage of BrdU-positive cells that expressed Sox2, a significantly lower percentage of BrdU-positive cells that expressed Tbr2, and a significantly higher percentage of BrdUpositive cells that expressed DCX (Fig. 5D) (Fig. 3B) , increased dentate gyrus volume (Fig. 3C) , nor increased granule cell layer volume (Fig. 3 D, E) , we sought to determine whether apoptosis was occurring at higher rates in Bdnf klox/klox mice. We stained Bdnf klox/klox and WT sections from 7-week-old mice with an antibody against the apoptotic marker cleaved caspase-3 (CC3) and with cresyl violet to reveal the density of CC3-positive cells in the SGZ (Fig. 5E) . Bdnf klox/klox mice had an increased density of CC3-positive cells in the SGZ (Fig. 5F ), indicating increased apoptosis.
Long 3 UTR
Long 3 UTR Bdnf mRNA facilitates neuronal maturation and integration
To determine whether long 3Ј UTR Bdnf mRNA is required for normal maturation and integration of adult-born granule cells into the dentate gyrus, we administered BrdU to WT and Bdnf klox/klox mice and waited 6 weeks to allow the newly labeled cells to mature. Sections were then stained with antibodies to BrdU and to one of four markers identifying different stages of granule cell maturation: (1) the microtubule-associated protein DCX, which is expressed early in maturation and marks neuroblasts and immature neurons (Francis et al., 1999; Gleeson et al., 1999) ; (2) NeuN, which is a soluble nuclear protein and is expressed in both immature and mature neurons (Ming and Song, 2005) ; (3) calretinin, which is a calcium binding protein and is expressed transiently by immature neurons after DCX expression (Brandt et al., 2003) ; and, (4) calbindin, which is also a calcium binding protein, is expressed after calretinin, and marks mature granule cells (Brandt et al., 2003) . We found that Bdnf klox/klox mice showed increased colocalization of BrdU with the immature neuronal marker DCX and decreased colocalization with the intermediate neuronal marker calretinin and the mature neuronal marker calbindin ( Fig. 6 A, B) . We saw no difference in colocalization of BrdU with NeuN ( Fig. 6 A, B) , most likely because this population of neurons encompasses some cells expressing DCX and all cells expressing calretinin and calbindin. In a separate experiment, we colocalized GFAP with BrdU 6 weeks after BrdU labeling in WT and Bdnf klox/klox mice. GFAP is expressed in progenitor cells and mature glial cells in the dentate gyrus. We found that 6 weeks after BrdU labeling, significantly fewer BrdU-positive cells expressed GFAP in Bdnf klox/klox mice (Fig. 6C,D) . As the pool of SGZ progenitor cells was not reduced in Bdnf klox/klox mice (Fig. 3 F, G) , this result indicates that the lack of long 3Ј UTR Bdnf mRNA also impairs glial cell maturation. Together, these experiments indicate that long 3Ј UTR Bdnf mRNA facilitates both neuronal and glial maturation in the dentate gyrus.
Late-phase long-term potentiation and memory consolidation require expression of immediate early genes (Guzowski et al., 2000; Bozon et al., 2002) . Two such genes, Arc and Zif268, are induced by activity in newly generated adult-born dentate gyrus neurons (Bruel-Jungerman et al., 2006; Kee et al., 2007) . To investigate if adult-born dentate gyrus neurons in Bdnf klox/klox mice show integrational deficits, we used seizure induction to activate the expression of Arc and Zif268 in BrdU-labeled dentate gyrus neurons from WT and Bdnf klox/klox mice (Cole et al., 1990; Snyder et al., 2009) . Mice were injected with BrdU at 4 weeks of age, and kept for 4 additional weeks to allow the newly labeled neurons to mature and integrate. At 8 weeks of age, grade 4 -5 seizures were induced using kainate, and animals were killed 2 h after seizure induction. BrdU-labeled cells that had integrated into the hippocampal circuitry would be more readily activated by this stimulation. Cells that showed strong network integration would contain BrdU and either Arc or Zif268 protein expression (BrdU ϩ Arc ϩ or BrdU ϩ Zif268 ϩ ), while cells that had not strongly integrated would only immunostain for BrdU (BrdU ϩ ). We found that Bdnf klox/klox mice had significantly lower levels of colocalization between Arc and BrdU compared with WT controls (Fig. 7 A, B) , demonstrating that fewer adult-born cells had integrated into the hippocampal network in Bdnf klox/klox mice. In addition, although not significant, we saw a trend toward decreased colocalization between Zif268 and BrdU (Fig. 7C,D) . This integrational deficit appears to be exclusive to adult-born neurons, because the overall density of Arc and Zif268-positive cells in the dentate gyrus was not significantly different in WT and Bdnf klox/klox mice ( Fig. 7E-H ) . Collectively, these findings indicate that long 3Ј UTR Bdnf mRNA facilitates maturation and integration of adult-born neurons.
Long 3 UTR Bdnf mRNA is important for GABAergic transmission
GABAergic depolarization of progenitor cells regulates neuronal differentiation (Tozuka et al., 2005) , maturation, and integration (Ge et al., 2006) . Importantly, BDNF has been shown to promote maturation of GABAergic circuitry (Huang et al., 1999) as well as GABA synthesis (Sánchez-Huertas and Rico, 2011) . Furthermore, BDNF has been found to facilitate the effects of GABA on adult neurogenesis (Chan et al., 2008) . Based on this previous work, we reasoned that the deficits in adult neurogenesis in Bdnf klox/klox mice might be due to altered GABAergic input to the progenitor cell population. To investigate this possibility, we immunostained brain sections from 7-week-old WT and Bdnf klox/klox mice with antibodies to the presynaptic GABA synthesizing enzyme GAD65 or the presynaptic VGLUT1. We found that Bdnf klox/klox mice had decreased GAD65 staining intensity (Fig. 8 A, B) , but normal VGLUT1 staining intensity in the SGZ compared with WT controls (Fig. 8C,D) . We also observed a trend toward decreased GAD65 immunoreactivity in the dentate gyrus molecular layer (100 Ϯ 4.7% for WT vs 78.1 Ϯ 9.8% for Bdnf klox/klox , p ϭ 0.197). These results indicate that without long 3Ј UTR Bdnf mRNA there is deficient GABAergic, but normal glutamatergic innervation to the SGZ. To determine whether the decrease in GAD65 staining intensity in Bdnf klox/klox mice is due to a decrease in the number of GABAergic interneurons, we immunostained brain sections from WT and Bdnf klox/klox mice with antibodies to the interneuron markers PV, SOM, or NPY. We found no significant difference in the density of PV-positive (Fig. 8 E, F ) , SOM-positive (Fig. 8G,H ) , or NPYpositive (Fig. 8 I, J ) cells in the dentate gyrus. These data suggest that long 3Ј UTR Bdnf mRNA regulates GABAergic transmission to the SGZ, but not interneuron cell number.
Enhancement of GABA A receptor activity rescues neurogenesis deficits in Bdnf klox/klox mice GABA A receptor signaling stimulates dentate gyrus precursor differentiation into neurons via NeuroD induction (Tozuka et al., 2005) . We found that long 3Ј UTR Bdnf mRNA is required for precursor differentiation and for GABAergic innervation of the SGZ (Figs. 4, 8) . We therefore reasoned that decreased GABAergic signaling to the progenitor cell population might impair neuronal differentiation in Bdnf klox/klox mice. To test this, we assessed if Bdnf klox/klox mice had deficits in NeuroD induction in progenitor cells. Twenty-four hours after BrdU administration, we colocalized BrdU and NeuroD in the dentate gyrus of WT and Bdnf klox/klox mice. Progenitor cells that had received GABAergic differentiation signaling would contain both NeuroD and BrdU (NeuroD ϩ BrdU ϩ ), whereas cells that had not would only be labeled by BrdU (BrdU ϩ ). We found a significantly lower percentage of BrdU-positive cells that also stained for NeuroD in Bdnf klox/klox mice compared with WT controls (Fig. 9 A, B) , suggesting deficits in GABA-induced differentiation.
To examine whether GABA signaling deficits via the GABA A receptor were the cause of the differentiation deficit demonstrated in Bdnf klox/klox mice, we attempted to rescue the neurogenesis deficit in Bdnf klox/klox mice using phenobarbital, a positive allosteric modulator that increases the average opening time duration of the GABA A receptor. Based on an established protocol (Tozuka et al., 2005) , we gave 6-week-old WT and Bdnf klox/klox mice phenobarbital systemically once a day for 3 d, and on the fourth day administered BrdU. Twenty-four hours post-BrdU administration, the animals were killed and their brains were prepared for immunohistochemistry with antibodies to BrdU and NeuroD. Remarkably, phenobarbital administration restored WT levels of NeuroD and BrdU colocalization in Bdnf klox/klox mice (Fig. 9A,B) , demonstrating that activation of the GABA A receptor is sufficient to rescue the impaired differentiation phenotype observed in Bdnf klox/klox mice. Similarly, we hypothesized that if GABA A receptor signaling is working downstream of dendritic BDNF to stimulate neuronal differentiation, then phenobarbital administration would also rescue the phenotype of increased 24 h BrdU labeling in Bdnf klox/klox mice (Fig.  3B) . Indeed, we found that phenobarbital treatment normalized the density of BrdU-labeled cells in the dentate gyrus of Bdnf klox/klox mice to treated WT levels (Fig. 9C,D) . Our finding that phenobarbital administration significantly reduced the density of BrdU-labeled cells in the dentate gyrus of WT mice (Fig. 9D ) is consistent with a previous report that GABA modulates neuronal differentiation in WT mice (Tozuka et al., 2005) . Collectively, these data suggest that long 3Ј UTR Bdnf mRNA stimulates differentiation of progenitor cells via GABA A receptor signaling.
Deletion of the TrkB gene in PVexpressing interneurons causes neurogenesis deficits
The dentate gyrus has multiple subtypes of GABAergic interneurons, which have been classified based on morphology, electrophysiology,andexpressionofcalcium-bindingproteins and neuropeptides (Houser, 2007) . PV interneurons are GABAergic basket cells of the dentate gyrus and comprise 20 -25% of the total dentate gyrus interneuron population (Jinno and Kosaka, 2002) . Since PV neurons form perisomatic GABAergic synapses (Freund, 2003) and their maturation and action potential firing are stimulated by BDNF (Huang et al., 1999; Berghuis et al., 2004) , we hypothesized that PV neurons might provide the pathway through which BDNF derived from long 3Ј UTR Bdnf mRNA promotes differentiation and maturation of neural precursor cells.
First we investigated whether TrkB is expressed in PV interneurons of the dentate gyrus, and therefore could be stimulated by BDNF derived from long 3Ј UTR Bdnf mRNA. We performed immunohistochemistry against PV and ␤-galactosidase on brain sections from TrkB LacZ/ϩ mice where expression of ␤-galactosidase is under the control of the TrkB promoter and thus recapitulates the expression pattern of the TrkB gene (Xu et al., 2000b) , and found that 100% of PV-positive neurons expressed TrkB (Fig. 10 A) . On the contrary, we found that dentate gyrus PV interneurons did not express BDNF (data not shown).
Next, we used Parvalbumin-Cre (PV-Cre) mice (Tanahira et al., 2009 ) and floxed TrkB ( fB) mice (Baydyuk et al., 2011) to selectively delete the TrkB gene in PV-expressing cells. It has been demonstrated that the TrkB gene is efficiently deleted in PV interneurons of fB/fB;PV-Cre mice (Zheng et al., 2011) . We hypothesized that fB/fB;PV-Cre mutant mice would display an impaired neurogenesis phenotype similar to that found in Bdnf klox/klox mice. To investigate this possibility, we injected fB/fB (control) mice and fB/fB;PV-Cre mice with BrdU and killed the animals 24 h later for immunohistochemistry with antibodies to BrdU. We found that similar to Bdnf klox/klox mice, fB/fB;PV-Cre mice had a 97% increase in BrdU-labeled cells compared with control mice (Fig. 10 B, C) . We then examined whether these mice also exhibited deficits in GABA-induced differentiation by colocalizing BrdU with NeuroD in sections taken from fB/fB and fB/fB;PV-Cre mice that had been injected with BrdU 24 h earlier. We found that, similar to Bdnf klox/klox mice, fB/fB;PV-Cre mice had decreased NeuroD expression in newborn cells, suggesting deficits in neuronal differentiation (Fig. 10 D, E) . To examine whether TrkB deletion in PV neurons affects interneuron survival, we immunostained sections from fB/fB and fB/fB;PV-Cre mice with an antibody to PV to determine the density of PV neurons in the dentate gyrus. We found no significant difference in the density of PV neurons between genotypes (1096 Ϯ 62 cells/mm 3 for fB/fB mice vs 1154 Ϯ 121 cells/mm 3 for fB/fB;PV-Cre, p ϭ 0.683, n ϭ 4 mice per genotype), indicating that the observed increase in BrdU-labeled cells and the deficit in NeuroD expression in adult-born cells were due to functional deficits of PV neurons. Together, these data suggest that BDNF from granule cells acts on the TrkB receptor on PV interneurons to regulate adult neurogenesis in the dentate gyrus.
Discussion
We found that Bdnf klox/klox mice displayed increased proliferation, decreased differentiation, decreased maturation, and decreased integration of adult-born neuronal precursors in the dentate gyrus. As new cells differentiate and mature, they have unique electrophysiological, biochemical, and morphological properties. Thus, altering the time frame of their cellular maturation would likely significantly impact hippocampal function. Much work has been dedicated to understanding the role of adult-born neurons in hippocampal function, with recent studies showing that specific suppression or depletion of dentate gyrus progenitor cells led to deficits in fine-tuned spatial discrimination, but not other hippocampal-dependent tasks (Dupret et al., 2008; Zhang et al., 2008) . It is likely that Bdnf klox/klox mice have deficits in fine-tuned spatial discrimination; however, these animals lack long 3Ј UTR Bdnf mRNA throughout the whole brain, which makes it difficult to examine neurogenesis-dependent behavior in this mouse strain.
Our results show that Bdnf klox/klox mice lack dendritic Bdnf mRNA and thus are deficient in dendritic BDNF synthesis in dentate gyrus granule cells, due to a truncation of the long Bdnf 3Ј UTR. Additionally, these animals also have a 48% reduction in total BDNF levels in the hippocampus compared with WT mice. As activity stimulates translation of long 3Ј UTR Bdnf mRNA and suppresses translation of short 3Ј UTR Bdnf mRNA (Lau et al., 2010) , the loss of the long Bdnf 3Ј UTR may diminish activity-dependent translation of Bdnf mRNA and therefore reduce total BDNF levels in Bdnf klox/klox mice. Even though Bdnf klox/klox mice have decreased total BDNF levels, this adult neurogenesis phenotype likely resulted from a lack of dendritic BDNF synthesis rather than decreased total BDNF levels, because Bdnf ϩ/Ϫ mice did not display neurogenesis deficits. Local protein synthesis in dendrites has been shown to be crucial for lasting long-term potentiation and long-term depression in hippocampal slices (Bramham and Wells, 2007; Waterhouse and Xu, 2009 ). Our results provide evidence that local protein synthesis may also modulate synaptic plasticity of hippocampal neural circuitry by regulating adult neurogenesis. However, we did find that the reduction in total BDNF levels was slightly more severe in Bdnf klox/klox mice (48%) than Bdnf ϩ/Ϫ mice (36%). We do not know if the additional decrease in total BDNF levels would also contribute to the observed increase in proliferation of progenitor cells in the SGZ of Bdnf klox/klox mice.
Similar to our findings in Bdnf klox/klox mice, deletion of the Bdnf gene in mature or nearly mature neurons, using a Cre transgene under the control of the promoter for the ␣-subunit of Ca 2ϩ /calmodulin-dependent protein kinase II (CaMKII␣), led to an increase in BrdU-labeled cells 1 d post-BrdU injection, as well as impaired maturation of adult-born neurons (Chan et al., 2008) . Our study was able to further demonstrate that the observed increase in proliferation was due to impaired differentiation of progenitor cells, and that these accumulating adult-born cells eventually undergo apoptosis within the first week after division and labeling. In support of this idea, using antibodies to scavenge BDNF in vitro led to decreased neuronal differentiation of progenitor cells (Babu et al., 2009 ). The close resemblance in the adult neurogenesis phenotype between Bdnf klox/klox mice and CaMKII␣-Cre-mediated Bdnf conditional mutants indicates that the role of BDNF in the differentiation and maturation of adultborn neurons is primarily mediated by BDNF synthesized in the dendrites of mature neurons. This finding suggests that BDNF synthesized in different cell types and/or subcellular compartments may have distinct roles in adult neurogenesis. For example, deletion of the Bdnf or TrkB gene in progenitor cells was found to decrease proliferation of these cells and reduce dentate gyrus thickness (Li et al., 2008) , a phenotype not observed in Bdnf klox/klox mice or CaMKII␣-Cre-mediated Bdnf conditional mutants (Chan et al., 2008) . This suggests that total BDNF expression in progenitor cells is necessary for proliferation of progenitor cells and maintenance of dentate gyrus volume, whereas BDNF synthesized in the dendrites of mature neurons regulates differentiation and maturation of adult-born neurons. The complex regulation of adult hippocampal neurogenesis by BDNF may explain why nonselective BDNF application or removal, such as BDNF infusion and deletion of one copy of the Bdnf gene, has produced conflicting results (Lee et al., 2002a; Sairanen et al., 2005; Scharfman et al., 2005) .
BDNF regulates inhibitory synaptic transmission both in vitro and in vivo. In vitro, BDNF has been shown to facilitate several aspects of inhibitory transmission, including GABA synthesis, neurite outgrowth, and synaptic inhibitory strength (Widmer and Hefti, 1994; Marty et al., 1996; Rutherford et al., 1997; Sánchez-Huertas and Rico, 2011) . In vivo, BDNF has been shown to promote maturation of GABAergic inhibitory networks in the visual cortex (Huang et al., 1999) , and without activity-dependent BDNF synthesis, cortical inhibitory networks show decreased spontaneous inhibitory events, decreased inhibitory synapses, and decreased expression of presynaptic inhibitory markers (Hong et al., 2008; Sakata et al., 2009) . Furthermore, activation of GABA A receptors on dentate gyrus progenitor cells stimulates differentiation and maturation of these cells into the neuronal phenotype (Tozuka et al., 2005; Ge et al., 2006) . These findings suggest that dendritically synthesized BDNF may regulate differentiation and maturation of progenitor cells by modulating GABAergic transmission in the SGZ. To this end, Chan et al. (2008) reported that in CaMKII-Cremediated Bdnf conditional knock-outs, blockade of GABA A receptors failed to increase 24 h proliferation of dentate gyrus progenitor cells, suggesting that BDNF facilitates the effect of GABA on progenitor cell proliferation. Our work further indicates that dendritic BDNF is modulating GABA-mediated control of adult neurogenesis via presynaptic mechanisms, and that the increase in proliferation is actually due to deficits in cell cycle exit and neuronal differentiation. We conclude this based on the reduced GAD65 immunoreactivity observed in the SGZ of Bdnf klox/klox mice, and importantly because we were able to rescue the proliferation and differentiation phenotype observed in Bdnf klox/klox mice with systemic application of phenobarbital.
